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Abstract
Retinal waves are mediated in part by activation of nicotinic receptors containing the b2 subunit. Mice deﬁcient in b2 containing
nAChRs have maintained ﬁring of action potentials but do not support correlated waves. As a result, b2/ mice have inhibited
reﬁnement of circuits within the retina as well as retinal projections to the CNS. Previously, we observed that correlated increases in
calcium reminiscent of retinal waves could be induced in b2/ retina by pharmacological application of the L-type calcium chan-
nel agonist, FPL-64176. Here, we characterize FPL-induced activity patterns in b2/ retina using both whole cell and multielec-
trode array recordings. FPL-induced strong depolarizations in previously non-spiking b2/ retinal ganglion cells. Though these
strong depolarizations were likely to underlie the FPL-induced calcium transients, they led to highly variable eﬀects on the spiking of
individual retinal ganglion cells. In addition, induced spiking activity had signiﬁcantly weaker nearest-neighbor correlations than
WT mice. Initial attempts of intraocular injections of FPL in b2/ mice did not rescue eye-speciﬁc layer formation. These ﬁndings
indicate that activity induced by FPL is not suﬃcient for driving eye-speciﬁc segregation in b2/ mice.
 2004 Elsevier Ltd. All rights reserved.
Abbreviations: [Ca2+]i intracellular calcium concentration; dLGN dorsal lateral geniculate nucleus; nAChR nicotinic acetylcholine receptor; RGC
retinal ganglion cell; WT wild-type1. Introduction
Spontaneous activity in the developing retina occurs
as waves of action potentials with speciﬁc spatiotempo-
ral properties. These waves occur before eye opening,
and are required for segregation of retinal ganglion cell
(RGC) axons into eye-speciﬁc layers in the dLGN
(Penn, Riquelme, Feller, & Shatz, 1998; Sretavan, Shatz,
& Stryker, 1988) and retinotopic reﬁnement of retino-
collicular axons (McLaughlin, Torborg, Feller, &
OLeary, 2003). The question remains—what are the
salient features of the ﬁring patterns induced by waves
for driving this process?0042-6989/$ - see front matter  2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.visres.2004.08.015
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E-mail address: mfeller@ucsd.edu (M.B. Feller).To address this question, both pharmacological
(Huberman et al., 2003; Stellwagen & Shatz, 2002) and
genetic manipulations have been developed that signiﬁ-
cantly alter the endogenous pattern of retinal activity
without completely blocking it. One transgenic mouse
that has been utilized by several labs is the mouse lack-
ing the b2 subunit of the nAChR (Picciotto et al., 1995;
Xu et al., 1999). b2/mice do not exhibit retinal waves
during the ﬁrst postnatal week, but have normal sponta-
neous retinal activity in the second (Bansal, Singer,
Hwang, & Feller, 2000). Although waves are absent in
b2/ mice during the ﬁrst postnatal week, RGCs con-
tinue to ﬁre uncorrelated action potentials (McLaughlin
et al., 2003). Hence, b2/ mice are an excellent model
system for studying the role of correlated ﬁring patterns
in driving activity-dependent processes in visual system
development.
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developing visual system of b2/ mice. First, though
their retinas are grossly normal, segregation of RGC
dendrites into ON and OFF sublamina is delayed
(Bansal et al., 2000). Second, retinotopic reﬁnement of
b2/ RGC projections to the superior colliculus is
inhibited into adulthood (McLaughlin et al., 2003), indi-
cating that in contrast to RGC dendritic development,
the ﬁrst postnatal week represents a critical period dur-
ing which retinal waves drive the establishment of topo-
graphic maps. Third, b2/ RGC projections to the
lateral geniculate nucleus (dLGN) never form eye-
speciﬁc layers (Muir-Robinson, Hwang, & Feller,
2002; Rossi et al., 2001), though RGC axons segregate
locally after retinal waves are restored during the second
postnatal week (Muir-Robinson et al., 2002). In vivo
recordings from dLGN neurons in adult b2/ mice re-
veal that even in the absence of eye-speciﬁc layers, indi-
vidual dLGN neurons are driven by only one eye
(Grubb, Rossi, Changeux, & Thompson, 2003), indicat-
ing eye-speciﬁc segregation is comparable to WT mice.
Fourth, in vivo recordings also revealed that there was
an inhibition in the ﬁne topography of b2/ retino-
geniculate projections along the nasal–temporal axis
(Grubb et al., 2003). Fifth, in b2/ mice, retinogenicu-
late axons are organized into ON- or OFF-center do-
mains, implying that altered activity patterns may lead
to the establishment of a functional map not observed
in WT mice (Grubb et al., 2003). Sixth, visually-evoked
ﬁeld potentials in primary visual cortex of b2/ mice
show an increased size of the binocular zone and de-
crease in acuity (Rossi et al., 2001).
The interpretations of experiments conducted with
b2/ mice have been based mostly on the assumption
that the eﬀects are due to changes in RGC ﬁring proper-
ties. However, the observed changes in the visual system
circuitry may be a result of developmental compensation
that has been induced by the absence of b2-containing
nAChRs either in the retina or its target structures. Sev-
eral recent results are consistent with the interpretation
that these multiple phenotypes in b2/ mice are due
to changes in retinal ﬁring pattern. Intraocular injections
of nAChR antagonists prevent the formation of eye-
speciﬁc layers (Huberman, Stellwagen, & Chapman,
2002; Huberman et al., 2003; Penn et al., 1998; Rossi
et al., 2001), implying that disruption in retinal activity
is suﬃcient to explain the disruption of eye-speciﬁc segre-
gation observed in b2/ mice. In addition, application
of a general nAChR antagonist directly to the dLGN
(Penn et al., 1998) or the superior colliculus (Simon, Pru-
sky, OLeary, & Constantine-Paton, 1992) does not alter
map reﬁnement in either target, also consistent with the
interpretation that the inhibition of map reﬁnement ob-
served in b2/mice was due to changes in retinal waves.
A powerful approach to address whether changes in
visual system circuitry are due to altered retinal spikingpatterns would be to rescue the eﬀects on visual system
development by inducing waves in b2/ mice. Previ-
ously, it was demonstrated that exposing retinas to the
L-type calcium channel agonist FPL induces propagat-
ing waves in the absence of fast synaptic transmission
(Singer, Mirotznik, & Feller, 2001). Indeed, FPL in-
duces waves in b2/ mice as assayed by ﬂuorescence
imaging of calcium indicators (Singer et al., 2001). How-
ever, the ability to rescue map defects in b2/ mice
may depend on the ability of FPL to induce the appro-
priate pattern of spiking activity in vivo.
Here we characterize the eﬀects of FPL on the spiking
properties of RGCs using whole cell recording and a
multielectrode array. We also conduct intraocular injec-
tions of FPL in b2/ mice to assay whether the pres-
ence of FPL rescues eye-speciﬁc segregation of
retinogeniculate axons.2. Methods
2.1. Retinal preparation
All procedures were performed in accordance with
approved animal use protocols. Retinas were isolated
as described previously (Bansal et al., 2000). Brieﬂy,
newborn mice (P1–P5) were anesthetized with halothane
and decapitated. Retinas were isolated in cold (4 C)
artiﬁcial cerebrospinal ﬂuid (ACSF) containing (in
mM): 119.0 NaCl, 26.2 NaHCO3, 11 glucose, 2.5 KCl,
1.0 K2HPO4, 2.5 CaCl2 and 1.3 MgCl2. Retinas were
cut into thirds and mounted, ganglion cell side up, onto
ﬁlter paper. These whole mount preparations were kept
at 32 C in ACSF bubbled with 95% O2/5% CO2 until
use (1–6h). During experiments, all preparations were
superfused continuously with oxygenated ACSF
warmed to 32 C.
2.2. Electrophysiology
Whole cell current-clamp recordings were made from
visualized ganglion cells (40· water-immersion objec-
tive; Olympus Optical). Borosilicate glass pipettes (Gar-
ner Glass Co., Claremont, CA) were pulled (PP-830,
Narishige) to a tip resistance of 5MX when ﬁlled with
an internal solution containing (in mM): 98.3 potassium
gluconate, 40 HEPES, 1.7 KCl, 0.6 EGTA, 5 MgCl2,
2 Na2ATP, and 0.3 Na-GTP; pH was adjusted to 7.25
with KOH. For whole-cell voltage clamp, the current re-
sponses to FPL-64176 (Sigma F131) were recorded at a
membrane potential of 60mV. Data were ﬁltered at
1kHz and digitized at 5kHz. For whole-cell current
clamp, the membrane potential changes were monitored
with no current injected. In successful recordings, seals
>1 GX were obtained in 30s or less. The ratios of the ac-
cess resistance to the input resistance were 5–15% before
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an Axopatch 200B patch-clamp ampliﬁer (Axon Instru-
ments; Foster City, CA), and data were acquired to and
analyzed on a Pentium based PC using PClamp 6.0 soft-
ware (Axon Instruments).
2.3. Multielectrode recordings and analysis
A retinal piece from either P4 WT or b2/mice was
placed ganglion cell side down onto a ﬂat, hexagonal ar-
ray of 61 extracellular electrodes spaced 60lm apart
from each other, with a total diameter of 480lm. The
retina was held down on the array by placing a platinum
ring on the ﬁlter paper. During recording the retina was
continuously perfused with oxygenated ACSF and the
bath temperature was 36 C. 2.88 mM FPL in ethanol
was added to the ACSF in a 1:1000 dilution for a ﬁnal
concentration of 2.88lM.
Spike times, peaks, and widths were digitized with a
temporal resolution of 0.05ms (Meister, Pine, & Baylor,
1994) and then stored for oﬀ-line analysis. Spikes were
manually segregated into single units by selecting dis-
tinct clusters in scatter plots of spike height and width
recorded on each electrode (Meister et al., 1994) and
verifying the presence of a refractory period in the spike
trains from each cluster. Spikes recorded on multiple
electrodes were identiﬁed by temporal coincidence; only
spikes from the electrode with the most clearly deﬁned
cluster were further analyzed. Using this method, be-
tween 5 and 10 unique units were identiﬁed from each
retina piece. Cells were considered to be at the position
of the electrode on which they were recorded.
We computed several measures of the spiking proper-
ties of RGCs for each single unit recorded. The median
ﬁring rate was calculated by ﬁrst calculating the instanta-
neous ﬁring rate for all spikes recorded for an individual
unit, then determining the median for that unit. The
average number of action potentials was calculated by
summing the total number of action potentials for each
20min recording and then dividing by the length of the
recording. The percentage of time cells were ﬁring was
calculated by summing the interspike intervals (ISI) less
than either 1s or 100ms and dividing this by the total
time of the recording. Correlation index was calculated
as previously described (Wong, Meister, & Shatz, 1993;
McLaughlin et al., 2003). Brieﬂy, this was calculated by
determining the number of spikes from cell A that oc-
curred within ±100ms of a spike in cell B and then divid-
ing this by the number of spike pairs that would have
occurred by random chance. Since ﬁring rates were often
very diﬀerent between both cells in a pair, the correlation
index was calculated using both NAB and NBA. Since
the distributions for each parameter measure were non-
normal, averages were reported as medians. For statisti-
cal analysis, units from each condition (WT retinas,
b2/ retinas in the presence of FPL) were grouped. Achi-square median test (JMP5.1) was used to compare
b2/ retinas in the presence of FPL to WT. P-values
less than 0.05 were taken as signiﬁcant. All other analysis
was performed using IgorPro (Wavemetrics, Inc).
2.4. Visualization of retinogeniculate projections
All surgeries on mouse pups were performed accord-
ing to institutional guidelines and approved protocols.
Mice were anaesthetized with 3.5% isoﬂurane/2%O2.
The eyelid was cut open to expose the temporal portion
of the eye, and 0.1–1ll of 5% b-choleratoxin conjugated
to either FITC or TRITC was injected into the retina
with a ﬁne glass micropipette with a picospritzer
(WPI). b-Choleratoxin is transported throughout
RGCs, clearly labeling axons and terminals. Twenty-
four hours later, mice were heavily anaesthetized with
an overdose of isoﬂurane. After ﬁxation by cardiac per-
fusion with 4% paraformaldehyde in PBS, brains were
sectioned to 100l on a Vibratome.
Images were analyzed as described previously (Muir-
Robinson et al., 2002; Torborg & Feller, 2004). Brieﬂy,
eight-bit tagged image ﬁle format images were acquired
for FITC- or TRITC-labeled sections of the LGN with
a CCD camera (Optronics, Goleta, CA) attached to an
upright microscope (Zeiss Axioscope 2; Thornwood,
NY) with a 10· objective (numerical aperture, 0.45).
The three sections that contained the largest ipsilateral
projection, corresponding to the central third of the
LGN were selected, and all analysis was performed on
these sections on the side of the brain with an FITC-labe-
led ipsilateral/TRITC-labeled contralateral projection.
For each pixel, we computed the logarithm of the
intensity ratio, R = log10(FI/FC), where FI is the ipsi-
lateral channel ﬂuorescence intensity and FC is the con-
tralateral channel ﬂuorescence intensity. We then
calculated the variance of the distribution of R-values
for each section, which was used to compare the width
of the distributions across mice. Wider distributions of
R indicate more contra- and ipsi-dominant pixels, and
therefore more segregation.
2.5. Intraocular injections of FPL
FPL-64176 stock was prepared as concentrated stock
solution of 2.88mM in 100% ethanol and diluted in ster-
ile saline before intraocular injections. We injected bin-
ocularly with 0.5–1ll of solution containing 20–100lM
FPL. Injections were made in the temporal portion of
the eye at the level of the ora serrata. Injections were
made every 48h, at P2, P4 and P6 with a dye injection
at P7. Brains were processed as described above. To
determine whether repeated injections caused damage
to the retina, we looked at several parameters (Supple-
mental Figure 1). First, we recorded from RGCs in a ret-
ina that had received an injection of control substances
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resting membrane potentials and exhibited normal wav-
ing activity (n = 5 cells, 3 retinas). Second, we examined
retinas that had undergone the full set of injections and
found there was no apparent structural damage to
RGCs. This control was conducted for mice receiving
eye injections of either control substances or FPL
(n = 10). After 8 days of FPL treatment, washout of
the drug restored retinal waves in acutely isolated WT
retina as assessed by calcium imaging (n = 3). Third,
the retina projection to the colliculus contralateral to
the eye that had received multiple injections was com-
plete, indicating that the entire retina was equally able
to transport dye to its targets. This control was con-
ducted for mice receiving eye injections of either control
substances or FPL (n = 10). Fourth, we found that WT
mice receiving eye injections of control substances had
normal eye-speciﬁc segregation, also indicating that nei-
ther the ipsilateral or contralateral projecting RGCs
were damaged (n = 6).
Fig. 1. Retinal waves are induced in b2/ mice by bath application
of the L-type calcium channel agonist, FPL. (A) Time evolution of
two retinal waves induced in b2/ retina by bath application of the
L-type calcium channel agonist FPL (2lM). First frame in upper left is
ﬂuorescence image of b2/ retina incubated in the calcium indicator,
fura-2AM. Each frame represents successive 0.5s intervals. Second
wave occurs 10s after ﬁrst wave. (B) The time course of fractional
change in fura-2 ﬂuorescence (DF/F) associated with waves averaged
over a 200lm2 area before and during bath application of 2.5lMFPL.
Downward deﬂections in ﬂuorescence correspond to increases in
intracellular calcium concentration.3. Results
3.1. L-type calcium channel agonist can induce activity in
b2/ mice
Mice lacking the b2 subunit of nAChRs lack retinal
waves between P1 and P8 (Bansal et al., 2000). In WT
mice, bath application of FPL-64176, an L-type calcium
channel agonist, induces large, frequent, rapidly propa-
gating waves and these waves persisted in the presence
of antagonists of nicotinic acetylcholine, ionotropic
glutamate, GABAA, and glycine receptors that have been
shown to mediate or modulate retinal waves in a variety
of preparations (Singer et al., 2001). Using ﬂuorescent
imaging of fura-2 in b2/ mice, we found that bath
application of FPL induced frequent, propagating waves
(Fig. 1, n = 4) as described previously (Singer et al., 2001).
Whole-cell current clamp recordings from individual
RGCs showed that bath application of FPL induced
periodic spontaneous depolarizations in b2/ RGCs
(Fig. 2). The levels of these spontaneous depolarizations
ranged from 7 to 30mV with a mean of 18.7 ± 4.0mV
(±SE; 6 cells from 6 retinas) and occasionally reached
a plateau (e.g. the ﬁrst depolarization in the left trace
of Fig. 2A). Since FPL had no signiﬁcant eﬀects on rest-
ing membrane potential (51 ± 1.4mV for control and
54 ± 3.2mV for FPL, 6 RGCs from 6 retinas), these
FPL-induced depolarizations were not due to an overall
increase in excitability of the neurons.
Whole-cell voltage clamp recordings from the same
groups of cells showed that periodic spontaneous synap-
tic currents were also induced by bath application of
FPL (Fig. 2B), implying that these currents were driving
the depolarizations. The inter-event interval of thesespontaneous currents was not distinguishable from that
of the spontaneous depolarizations (Fig. 2C), suggesting
that a single depolarization may correspond to the
occurrence of a single compound synaptic current. The
identity of this depolarizing current is not yet known.
After FPL application, b2/ RGCs lost their ability
to ﬁre in response to the injected current steps (Fig. 2D
and E). The computed slopes from the linear ﬁts to the
input–output relationship decreased from 0.83 ± 0.03 to
0.15 ± 0.02 action potentials/pA in the presence of FPL.
The reduction in the slope of the RGC input–output
curves in the presence of FPL is unexplained. From
the experiments described in the section below, it is clear
retinal neurons can continue to ﬁre action potentials in
the presence of FPL therefore we do not think that
FPL acts non-speciﬁcally on voltage-gated Na+ chan-
nels. One possibility is that the strong calcium inﬂux in-
duced by FPL may have led to a rapid washout of Na+
channels during whole cell recordings.
3.2. L-type calcium channel agonists induce spiking
patterns in b2/ mice that diﬀer signiﬁcantly from
WT spiking patterns
In contrast to the whole cell experiments described
above, an extracellular multielectrode array selects only
Fig. 2. FPL induced periodic spontaneous depolarizations and synaptic currents in b2/ mice (A). Spontaneous depolarizations are measured
during continuous whole-cell current clamp recordings from a presumptive retinal ganglion cell in the absence and presence of 2.5lM FPL. (B)
Synaptic currents are measured during continuous whole-cell voltage clamp recordings from the same cells as part A. Cell is held at 60mV. (C)
Summary data of inter-event intervals measured from spontaneous depolarizations and spontaneous synaptic currents recorded in the presence of
FPL. (D) Membrane voltage responses to current steps were recorded in the absence (top) and presence (bottom) of FPL. Five step-pulsed currents in
series were injected into RGCs with 250ms duration for each pulse. The intervals between steps were 3s. The steps ranged from 5 to 25pA with steps
on 5pA. (E) Summary input–output curves plotting the number of action potentials per pulse vs. current injected using the pulse protocol in D.
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we assayed the eﬀects of FPL on the spiking patterns
of many b2/ retinal neurons simultaneously. P4
WT retinal neurons ﬁre bursts of action potentials that
are correlated among neighboring cells and are sepa-
rated by long periods of silence (McLaughlin et al.,
2003; Fig. 3A, top). Previously, we showed that b2/
retinal neurons ﬁre bursts of action potentials that have
an instantaneous ﬁring rate of approximately 5Hz and
these bursts are uncorrelated across neighboring neu-
rons (Torborg, Hansen, & Feller, 2004). In contrast, in
the presence of FPL, many b2/ retinal neurons ﬁred
bursts of correlated action potentials; however, some
cells ﬁred tonically and others ﬁred only single spikes
(Fig. 3A, bottom).
To determine whether FPL induced activity patterns
that could potentially rescue eye-speciﬁc segregation, we
compared several parameters of the spiking patterns be-
tween WT (n = 2 retinas, 16 cells) and FPL-induced
activity in b2 neurons (b2/ FPL) (n = 2 retinas, 17
cells). On average, the total number of spikes was in-
creased in b2/ FPL retinas relative to WT retinas
(p < 0.01) (Fig. 3B); however, these spikes occurred atsimilar instantaneous ﬁring rates in b2/ FPL retinas
and WT retinas (p = 0.39) (Fig. 3C). Even though the
average instantaneous ﬁring rate was similar in b2/
FPL retinas, the increased number of spikes meant that
the percentage of time that cells were ﬁring at greater
than 1Hz was increased relative to WT (p < 0.01) (Fig.
3D) but that the percentage of time spent ﬁring at great-
er than 10Hz (Fig. 3E) was not signiﬁcantly diﬀerent be-
tween b2/ FPL retinas and WT retinas (p = 0.058).
Notably, all measures were more variable in b2/
FPL than WT.
We also assayed the strength of correlation between
cells by computing the correlation index (a measure of
the number of spikes correlated within ±100ms between
a pair of cells relative to that expected by chance).
Although b2/ FPL neurons appeared to ﬁre in corre-
lated bursts, the correlation index was signiﬁcantly re-
duced relative to WT. In WT retinas, the correlation
index decreased as a function of distance between cell
pairs (p < 0.001) (Fig. 3F, left). However in b2/
FPL retinas, the correlation index did not change as a
function of distance (p = 0.096) (Fig. 3F, right), and is
decreased relative to WT in cell pairs that were less than
Fig. 3. FPL induced spiking in b2/ retinas that diﬀered from WT spiking patterns. Spontaneous action potentials were recorded on a hexagonal
array of 61 electrodes spaced 60lm apart. Individual units were identiﬁed by manually selecting clusters of spikes with similar heights and widths.
Asterisks indicate medians are signiﬁcantly diﬀerent (p < 0.05). (A) Representative spike trains recorded from four diﬀerent sorted units from a P4
WT retina and a P4 b2/ retina in the presence of 2.88lMFPL. Hexagons to the left of each spike train show the position of the electrode on which
that unit was recorded (ﬁlled circles) relative to the other units (open circles). For (B)–(F) the box plots represent the following measures. The center
line is the median data point; the box represents the center 50% of data points, and the bars represent the entire range of the distribution of data
points. (B) Box plots of the total number of spikes/min. (C) Box plots of the instantaneous ﬁring rate. (D) Box plots of the percentage of time that
individual retinal neurons were ﬁring at greater than 1Hz. (E) Box plots of the percentage of time that individual retinal neurons were ﬁring at greater
than 10Hz. (F) Box plots of the correlation index. Since in WT retinas, cells that nearby are more correlated than more distant cell pairs, cells were
grouped according to the distance between the electrodes on which those cells were recorded (0–150lm, 151–300lm, and 301–500lm).
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there was almost no correlation in WT cells; however,
there was a small amount of correlation in b2/
FPL retinas. These data indicate that the pattern of
spikes in b2/ cells in the presence of FPL was dra-
matically diﬀerent in both temporal and spatial structure
from the spiking patterns in WT cells.
3.3. Intraocular injection of FPL does not rescue eye-
speciﬁc segregation
The above results indicate that although L-type cal-
cium channel agonists induced correlated increases in
intracellular calcium concentration ([Ca2+]i) in b2/
mice, the resulting spiking patterns were signiﬁcantly
more variable and less spatially correlated than the pat-
terns in WT mice. As a ﬁrst attempt to determine
whether FPL-induced depolarizations could rescue
eye-speciﬁc layer segregation in b2/ mice, we
performed repeated binocular injections of FPL in
b2/ mice (n = 4 mice). Injection concentrations var-
ied between 20 and 100lM and repeated 1–2 times in
the ﬁrst postnatal week. The number and size of the
injections were limited by the toxicity of FPL. Retino-geniculate projection patterns were assayed by intraocu-
lar injection of the ﬂuorescent tracer b-choleratoxin. The
extent of segregation is assayed by the width of R-values
distribution for each set of images where R is deﬁned as
the logarithm of the intensity ratio, R = log10(FI/FC),
where FI is the ipsilateral channel ﬂuorescence intensity
and FC is the contralateral channel ﬂuorescence intensity
(Fig. 4B, see Section 2).
As reported previously b2/ dLGN are much less
segregated at P8 than WT (Muir-Robinson et al., 2002;
Torborg & Feller, 2004). Projection patterns diﬀer signif-
icantly between P8 WT and b2/ mice in that b2/
ipsilateral ﬁbers do not coalesce to form a coherent layer
and there is no decrease of intensity in the contralateral
projection at the location of ipsilateral ﬁbers (Fig. 4A).
We found that the presence of FPL in b2/ mice did
not enhance eye-speciﬁc segregation but rather inhibited
it signiﬁcantly (Fig. 4B). Assuming that the eﬀects of
FPL on the retina were similar in vivo as in vitro (Figs.
1 and 2), this ﬁnding is consistent with the hypothesis
that FPL-induced [Ca2+]i transients or spiking are not
suﬃcient to drive eye-speciﬁc segregation.
As a control for assaying the in vivo eﬀects of intraoc-
ular injections of FPL, we conducted binocular injections
Fig. 4. Intraocular FPL injections does not rescue eye-speciﬁc layer
formation and segregation in the dLGN of b2/ mice. (A)
Fluorescence images of contralateral (column 1) and ipsilateral
(column 2) projections in the same dLGN coronal section (100lm
thick). (column 3) Images of the dLGN pseudocolored according to
the R-value for each pixel where R = log10(FI/FC). Scale bar = 200lm.
(B) Summary of the variance of the R distributions for each image.
Open circles are the variance of the R distribution for each section, and
closed circles are the mean variances for all sections.
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tive to the toxic eﬀects of FPL as b2/ mice, injection
concentrations varied between 50–100lM and repeated
three times in the ﬁrst postnatal week. We found that in
the presence of FPL, there was no signiﬁcant change in
eye-speciﬁc segregation in WT mice as compared to
WTmice that had received either monocular or binocular
injections of saline. However, these eﬀects on segregation
were highly variable leaving open the possibility that the
eﬃcacy of injections varied across mice.4. Discussion
We demonstrated that the presence of an L-type cal-
cium channel agonist induced robust correlated depolar-
izations in mice lacking the b2 subunit of the nAChR.
However, application of FPL to b2/ retina induced
bursts of action potentials with highly variable burst
properties and signiﬁcantly lower nearest neighbor cor-
relations as compared to WT mice. In addition, binocu-
lar injections of these agonists did not rescue eye-speciﬁc
layer formation in b2/ mice.
The goal of these experiments was to develop a relia-
ble method of rescuing the various deﬁciencies in the vis-
ual system development of b2/ mice. While FPL
induced large correlated depolarizations in b2/
RGCs (Figs. 1 and 2), these depolarizations had variable
eﬀects on the pattern of action potential within each cell
(Fig. 3). In many cells, depolarizations were seen with-
out any action potentials, while other neurons were in-
duced to spike tonically. This variability in spiking
pattern could be a reﬂection of FPLs eﬀect on diﬀerent
cell types, each of which has a diﬀerent complement of
ion channels that contribute to these ﬁring properties
early in development (for reviews see, Robinson &
Wang, 1998; Sernagor, Eglen, & Wong, 2001).FPL induced synaptic currents in RGCs in b2/
mice, suggesting a role for L-type channels in increasing
synaptic release either directly by increasing [Ca2+]i at
synaptic release sites or indirectly by increasing presy-
naptic depolarization. In the adult retina, L-type chan-
nels are known to be involved in the release of
neurotransmitter from cell classes that have sustained
graded release, including photoreceptors and bipolar
cells (Berntson, Taylor, & Morgans, 2003; Tachibana,
Okada, Arimura, Kobayashi, & Piccolino, 1993). Since
the eﬀects of FPL can be seen in the absence of fast neu-
rotransmission (Singer et al., 2001), the induced [Ca2+]i
transients that we see in b2/ are unlikely to be from
these cell types. Several classes of amacrine cell also ex-
press L-type channels (Habermann, OBrien, Wassle, &
Protti, 2003; Vigh, Solessio, Morgans, & Lasater, 2003,
epublishing 2003, March 20; Xu, Zhao, & Yang, 2003)
and may be involved in mediating the response to
FPL. We are currently pursuing the hypothesis that
the neuromodulator adenosine, which has been shown
to modulate wave frequency (Stellwagen, Shatz, & Fel-
ler, 1999), is being released from amacrine cells to medi-
ate [Ca2+]i transients in the absence of fast
neurotransmission.
The absence of spontaneous nAChR-mediated retinal
activity prevents eye-speciﬁc segregation (Huberman
et al., 2002; Huberman et al., 2003; Penn et al., 1998;
Rossi et al., 2001)—however, identifying the essential
features of retinal waves for driving this process is an
area of ongoing research. Huberman et al. (2003)
showed that intraocular injection of an immunotoxin
for cholinergic amacrine cells disrupted RGC ﬁring pat-
terns but maintained periodic increases in calcium.
Despite the disruption in the endogenous pattern of activ-
ity, immunotoxin-treated animals had normal formation
of eye-speciﬁc layers. In contrast, between P1 and P8,
b2/ RGCs ﬁre bursts of action potentials that are
not correlated amongst neighboring cells (McLaughlin
et al., 2003) and do not form eye-speciﬁc layers (Rossi
et al., 2001; Muir-Robinson et al., 2002). Between P8
and P14, b2/ retina have normal wave-like propaga-
tion of action potentials and local segregation of ipsilat-
eral and contralateral axons into eye-speciﬁc regions,
indicating that the absence of the b2 gene does not pre-
vent plasticity in general. Based on these previous ﬁnd-
ings, we have hypothesized that some but not all
features of the endogenous ﬁring patterns is required
for driving eye-speciﬁc reﬁnement.
In vitro, FPL induced strong correlated depolariza-
tions that led to signiﬁcant increases in [Ca2+]i (Figs. 1
and 2). FPL either prolonged RGC burst duration or
moved the RGC into a depolarizing block and therefore
inhibited robust RGC spiking (Fig. 3). Both the imaging
and multielectrode array recordings revealed that bursts
were roughly correlated. However, the variability on
the eﬀects of the ﬁring properties of individual cells
3354 C. Torborg et al. / Vision Research 44 (2004) 3347–3355prevented strong nearest neighbor correlations from
being induced in b2/ retina (Fig. 3). We found that
repeated intraocular injections of FPL did not rescue
eye-speciﬁc segregation in b2/ mice. One explanation
for this result is that the increased frequency of [Ca2+]i
transients and/or the change in action potential patterns
relative to WT are not able to induce segregation.
Unfortunately, there are several confounding factors
that limit our ability to interpret the eﬀects of intraocu-
lar injections of FPL on eye-speciﬁc segregation. First,
intraocular eye injections of FPL were toxic to b2/,
which limited our ability to do repeated injections of
high concentrations of FPL. Second, we must assume
that the eﬀects of FPL on the retina are similar in vivo
and in vitro. We are unable to test this directly since
there are no current mechanisms for recording sponta-
neous retinal activity in mice in vivo during the ﬁrst
postnatal week. Third, we do not know how long phar-
macological eﬀects last in vivo. We did observe a signif-
icant decrease in the extent of eye-speciﬁc segregation in
b2/ mice that received FPL injections (Fig. 4) indi-
cating that the FPL was eﬀective for some period of
time.
In summary, we have characterized the activity pat-
terns in the retina induced by the L-type calcium chan-
nel agonist FPL and concluded that they are
inappropriate for rescuing eye-speciﬁc segregation in
b2/ mice. Perhaps more subtle manipulations, such
as genetic mutations of L-type channels that mimic the
eﬀects of FPL, would be a more robust means of restor-
ing activity patterns in b2/ mice appropriate for driv-
ing map reﬁnement.Acknowledgments
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